Using a data set of aligned protein domain superfamilies of known three-dimensional structure, we compared the location of interdomain interfaces on the tertiary folds between members of distantly related protein domain superfamilies. The data set analyzed is comprised of interdomain interfaces, with domains occurring within a polypeptide chain and those between two polypeptide chains. We observe that, in general, the interfaces between protein domains are formed entirely in different locations on the tertiary folds in such pairs. This variation in the location of interface happens in protein domains involved in a wide range of functions, such as enzymes, adapters, and domains that bind protein ligands, or cofactors. While basic biochemical functionality is preserved at the domain superfamily level, the effect of biochemical function on protein assemblies is different in these protein domains related by superfamily. The divergence between proteins, in most cases, is coupled with domain recruitment, with different modes of interaction with the recruited domain. This is in complete contrast to the observation that in closely related homologous protein domains, almost always the interaction interfaces are topologically equivalent. In a small subset of interacting domains within proteins related by remote homology, we observe that the relative positioning of domains with respect to one another is preserved. Based on the analysis of multidomain proteins of known or unknown structure, we suggest that variation in protein-protein interactions in members within a superfamily could serve as diverging points in otherwise parallel metabolic or signaling pathways. We discuss a few representative cases of diverging pathways involving domains in a superfamily. Proteins 2005;58:339 -353.
INTRODUCTION
Interactions between protein domains play essential roles in almost all metabolic and signaling pathways. Multimeric proteins are found in every cellular location, including cell organelles, the cytosol, and cell membranes. Interactions between different proteins are critical in all known cellular processes, such as signaling and transcriptional regulation, metabolism of small and large molecules, protein folding assisted by chaperones, enzyme regulation and allostery, immune response, and control of cell regeneration. 1, 2 The delicate balance of the cellular metabolites and chemical entities or environmental stimuli is known to govern a number of interactions between proteins. Thus, the study of the quaternary structure of a protein yields valuable information on its biological active state and its overall role in the functionality of the cell.
Attempts have been made to study the structural and chemical aspects of protein-protein interfaces based on the available three-dimensional (3D) structures. Some of the methods aim at predicting protein-protein interaction interfaces from the tertiary structures based on the surface features such as geometry 3 and energetics of association. 4 Analysis of the composition of residue types at the tertiary surfaces of closely related family of proteins [5] [6] [7] [8] gives insight into the chemical nature of the interfaces.
During the course of evolution, the sequences diverge, retaining only those residues that are necessary for the protein to function. 9 This might hold true for residues involved in protein interfaces too, as observed in the cases of SH2 and SH3 domains, where the surface residues involved in binding to other proteins are better conserved than the other residues. 9, 10 Evolutionary information derived from the large number of protein sequences and structures can powerfully guide both the analysis and prediction of protein-protein interfaces. The residue conservation at the interface among close homologues is statistically significant. 11 Fraser et al. 12 demonstrated that the interacting proteins in Saccharomyces cerevisiae, when compared with their orthologues from Caenorhabditis elegans, evolve at similar rates. Recent studies, however, have shown that the interacting proteins in closely related genomes have a slight influence on the rate at which these proteins diverge. 13 Additionally, Jordan et al. 14 have shown that the proteins involved in a large number of interactions, thus acting as hubs of an interaction network, tend to evolve more slowly than the bulk of the other proteins in the genome.
Since the tertiary fold and gross functionality are preserved in several remote homologues [referred to as "superfamily" according to the Structural Classification of Proteins (SCOP) definition 15 ], it would be important to study the extent of topological equivalence of protein-protein interaction in these remotely related proteins. Thornton and coworkers 16 have shown that in 23 out of 167 superfamilies of enzymes, the subunit assembly varies between the constituting members. Aloy et al. 17 have shown that the root-mean-square deviation for the structural superposition of protein-protein interfacial regions is high if the sequence identity between the similarly folded proteins is lower than about 30%. However, it is not clear if the locations of protein-protein interactions among superfamily members are in the equivalent surfaces in the tertiary structures. Thus, in this article, we address the next level of the question: Are the protein-protein interaction interfaces between the domains related by the superfamily topologically equivalent? Further implications of the variation in the protein-protein interfaces to the functions of the superfamily related proteins are also investigated.
The current analysis is carried out at the proteindomain level, as defined in SCOP. One would be able to define interfaces between two domains in a multidomain protein (interdomain interface) and between two different polypeptide chains in the same structure (interchain interface). During the course of the present analysis, and as noted earlier, 5 it was observed that the interfacial properties of interdomain interfaces and interchain interfaces show similarities. Hence, the data sets of two types of interfaces are pooled together and are here commonly referred as "interdomain interface." In this work we demonstrate that, in general, the residues involved in the interaction between protein domains in members across the families within a superfamily are not topologically equivalent, and the interaction interfaces are in distinct locations in the tertiary structures. We then present an analysis of remotely related sequence domains, without the knowledge of 3D structure, and explore the implications of remotely related sequence domains in rendering variations in their biochemical roles and interaction properties. We argue that distinct protein-protein interaction interfaces across protein families in a superfamily, as observed in the domains of known structure, imply variations in the metabolic and signaling pathways, and in gene interaction networks in general.
MATERIALS AND METHODS The Data Set
The data set consists of alignments between proteins of known structures belonging to different families within a superfamily and is obtained from the database of Protein Alignments organized as Structural Superfamilies (PASS2) 18 (Supplementary Data 1). PASS2 is a nearly automated version of Cambridge database of Protein Alignments organised as Structural Superfamilies (CAMPASS) and contains sequence alignments of proteins belonging to different families within a superfamily. 19 This database has been designed to be in correspondence with the database of SCOP. 15 The release of the PASS2 database used in the current analysis consists of 110 superfamilies that have more than one member (multimember superfamilies, MMS) and 613 superfamilies consisting of only one family in each superfamily ("orphans" or single-member superfamilies, SMS). Of the Protein Data Bank (PDB) entries, 374 entries are distributed across 110 MMS. In MMS, protein chains with no more than 25% sequence identity have been considered for the alignment. The alignments are generated by using COMPARER 20 and are represented in the JOY format. 21 Dimeric protein families with multiple members in each family described in SCOP 15 are considered as controls. Gross results of conservation at domain-domain interfaces across families within superfamilies are compared with the corresponding data from domain-domain interfaces within families. This list of families of dimeric proteins used in the analysis is given in Supplementary Data 2. The structural alignments of the homologous members within each family were arrived at using STAMP. 22 The quaternary structure of the various members of the 110 MMS from PASS2 was derived by consulting the Protein Quaternary Structure file server (PQS). 23 Quaternary structure is defined as that level of form in which the units of tertiary structure aggregate to form homo-or heteromultimers. The PQS server makes available coordinate sets for probable quaternary states for structures contained in the PDB that were determined by X-ray crystallography. PASS2 is constructed at the level of domains in the known structures. However PQS offers the quaternary structure for a PDB entry that might have more than one domain. Hence, we query PQS on the basis of the PDB code and identify the oligomeric interfaces and explore if a domain/chain of interest from PASS2 participates in the oligomer formation.
Identification of Interfacial Residues
A simple method of identification of protein-protein interfaces is defined based on the change in the solventaccessible surface area of the residues when the accessibili-ties are calculated at the monomeric state and the oligomeric state separately. To define this change in solvent accessibility, the program Protein Surface Accessibility (PSA), which has an implementation of the algorithm by Lee and Richards, 24 has been used. The criterion used to define an interfacial residue is as follows: The accessibility of the residue in the complex (oligomer) form should be Յ 7%, and the same residue in the isolated domain should have an accessibility of Ն 10%. The accessibility of Ͻ 7% indicates the buried state, and the accessibility of Ͼ 10% represents the exposed state. This is a stringent criterion, the use of which allows us to identify the interacting residues at the middle of the interaction patches that are highly buried when bound to the other subunit and well exposed in the unbound state.
Generation of Interdomain Interfaces
For each of the proteins belonging to 110 MMS from PASS2, the corresponding chain entry from the quaternary structure file from PQS was extracted. In the case of interdomain interfaces, the domains were extracted from the quaternary structure file from the PDB using the domain definitions in the PASS2 alignment. The PSA program was run on both the extracted domain (chain/ domain) and the intact complex. Using the criteria described above, the interfacial residues were identified. The identified interfacial residues were then mapped back onto the PASS2 superfamily alignment. The MMS were analyzed further in pairs, as discussed later, and scoring parameters were defined to quantify the extent of conservation of interfacial nature.
There are three scoring schemes used in the further analysis of the selected pairs: the Conservation of Interface Location score (CIL), the Conservation of Interface Region score (CIR), and the Equivalent Secondary Structure score (ESS).
Conservation of Interface Location (CIL) score
This score indicates the presence of interface in topologically equivalent residue positions across the domains in the pair considered and is not designed to measure the extent of similarity of aligned residues in the interface. Each position in the pairwise alignment is assessed for the property of the aligned residues to be found at the interface. This score does not consider the type of the aligned residues in the topologically equivalent positions at the interface. The final score is obtained by normalizing the total number of interfacial residue positions in the topologically equivalent locations in the alignment by the total number of residues at the interface in the longer member. This score is represented as a percentage:
CIL ϭ (Number of residues with interfacial nature conserved)/(Total number of residues in the interface of the longer protein) * 100
Conservation of Interface Region (CIR) score
The superfamily-related proteins are highly divergent, and many insertions and deletions are expected in the alignments. In order to give a slight allowance for the high divergence, we have used the CIR score. This crude measure is devised to react to the fact that there exists no unique solution to the structural alignment of two proteins, especially if the the proteins are highly divergent. 25 Using this rough measure, we are now able to assess whether the interfacial locations are topologically equivalent, irrespective of potential slight misalignments. CIR defines interface location as conserved if an interfacial residue is observed in both the proteins at either the topologically equivalent position or within 5 residues up or down in the alignment. The final score is normalized for the total number of residues falling in the interface of the longer sequence of the alignment and represented as a percentage:
CIR ϭ (Number of interfacial residues aligned or present within plus or minus 5 positions in the alignment)/(Total number of interfacial residues in the longer protein) * 100
Equivalent Secondary Structure score
In the remote homologues, the relative orientation of the secondary structures may be varying markedly. The ESS score reflects the number of ESSs falling at the interfaces of both the members in the alignment. While scanning along the longer member in the alignment, when a residue at the interface is found, the ESS, if present in the other member, is scanned for one or more interfacial residues. If interfacial residues are found in the ESS, then this contributes to the score. The final score is normalized for the total number of secondary structures with at least one interfacial residue falling at the interface of the longer member and is represented as a percentage:
ESS ϭ (Number of equivalent aligned secondary structures participating in interface)/(Total number of secondary structures involved in interface formation in the longer protein) * 100
The above scores are useful in assessing the conservation of interfacial property (whether or not an interfacial position is present at an aligned position). It is important to note that the residue type is not considered in any of the above three scores.
Residue Conservation at Topologically Equivalent Interface Locations in Proteins Belonging to Family and Superfamily
The residue substitution matrices for the locations within the alignment where the interface locations are conserved were constructed. The positions where interfaces are conserved in two proteins in an alignment were identified, and the frequency of residues present at these aligned positions were calculated, thereby generating a substitution matrix for the interfacial residues. Out of 4822 total interfacial residues in the data set for superfamilies, we observe only 1025 interface conserved locations.
The interface residue substitution matrix thus obtained is normalized by considering the substitution score for the residue with another in the PASS2 data set, in general, considering all aligned positions:
where G i,j represents a matrix element. The normalized interfacial matrix is given as Supplementary Data 3.
A similar normalized matrix was constructed also for the interfaces derived from the members of families, and this matrix is also provided in the Supplementary Data 3. The matrices for family and superfamily are then compared with a generalized residue substitution matrix, BLOSUM 62. The comparison was done by calculating a simple linear correlation coefficient between the corresponding elements of the matrices and assessing the significance of these correlations when compared to the correlation between 1000 pairs of random numbers.
Identification of Superfamily-Related Protein Domains That Have Distinct Biological Roles

SWISS-PROT
26 database comprises amino acid sequences of proteins that are experimentally studied, and their molecular functions and overall functional roles are well understood. TrEMBL 26 is a similar database, but it includes proteins that are less well studied. Pfam 27 has a collection of amino acid sequence alignments, where each alignment corresponds to a functional domain family. Sequence-based domain families in Pfam can be grouped into superfamilies 28 by relating each of the constituent members with a structural superfamily as presented in the SCOP. 15 Similarly, Pfam families with no structural information can also be grouped together into sequence superfamilies by virtue of remote sequence similarities and profile matches. 28 A compendium of superfamily-related clusters of Pfam families is made available in the SUPFAM database (http://pauling.mbu. iisc.ernet.in/ϳsupfam 28 ). A data set of SWISS-PROT and TrEMBL proteins with Pfam domains assigned (SwissPfam) is available at the Pfam data download site (//ftp.genetics.wustl.edu/pub/ pfam/). Proteins that have at least one domain related by superfamily to a domain in the other proteins from the SwissPfam data set are grouped together. We then extract small sets of two or more proteins, where at least one domain family in a protein bears a superfamily relationship with a domain family in another protein in the set. Most of the other domain families in the protein set are identical. We then assess both the molecular functions and gross implications of these proteins in pathways.
RESULTS AND DISCUSSION
Pairwise alignments were extracted from the multiple structural alignment of the members of various protein domain superfamilies that are available as an alignment database. 18, 19 Out of 110 multimember superfamilies, 606 pairs of distantly related protein entries and their structure-based alignments were obtained.
The interfacial residues in these alignments were separately identified, wherever applicable, for both types of interfaces-one within the same polypeptide chain (interdomain interface) and the other, the interface formed across the chains (interchain interface). The situation of comparison of interchain interfacial residues does not arise if at least one of the members in the pair is a monomer. In other words, the domain under consideration does not participate in interchain interaction interface defined by the PQS server 23 and by our criteria (see Materials and Methods section).
Out of 606 alignment pairs that are extracted from the data set, only 304 pairs were found to be appropriate for interchain interface comparison. Of the remaining 302 pairs, 288 pairs comprised of alignment involving monomer member(s), and domains represented in the remaining 14 pairs do not participate in interchain interface formation. This suggests a high degree of variation in the protein-protein interaction properties in distantly related protein pairs.
The other type of interface considered is between two domains in the same polypeptide chain. This type of interfaces can be defined or compared only for those pairs where both the members of the pair are multidomain proteins. Additionally, any pair that does not have an interfacial residue identified by our criteria (see Materials and Methods section) is eliminated from further analysis. Out of 606 pairs extracted, only 112 pairs were selected for studying interdomain interfaces. There are 374 structural domains (members) spanned over 110 superfamilies, and only 146 of these members are found to be multidomain entries in the PDB. Pairwise alignments within every superfamily were extracted by considering these 146 members. Only those pairs with both the members are part of multidomain proteins, so that interface can be defined for both the members, are considered. Further, 23 pairs are eliminated from the set, as either one or both members of the pair do not have an interfacial residue defined by our criteria.
Finally, pairs extracted from 80 out of 110 multimember superfamilies were found suitable for analysis. A plot of number of members of the superfamily considered for the analysis versus number of members in the same superfamily is shown in Figure 1 . The scatter of the data points in the plot shows that there exists no major bias in the data set chosen, due to highly populated superfamilies.
We have pooled interdomain interface and interchain interface data sets, as both correspond to interaction between modular protein domains. Henceforth we refer to them collectively as interdomain interfaces, which refers to interfaces within a polypeptide chain and across polypeptide chains.
Extent of Conservation of Topologically Equivalent Positions in Interdomain Interfaces
We have asked the question: How often are the residues of a protein located at the interdomain interface topologically equivalent to the interdomain interfacial residues in a distantly (superfamily) related protein? It should be noted that this question does not address the similarity of the amino acid residue types in the interfaces of the two superfamily-related proteins, and instead addresses the issue of conservation of interfacial property, which is purely structural. As the families compared are in the same superfamily, the gross biochemical functions of the proteins in these families are either same or similar. The graph shown in Figure 2 corresponds to consolidated data based on the three scores (for detailed discussion on scores refer to the Material and Methods section) that are used to quantify the extent of conservation of topologically equivalent positions in interdomain interfaces in superfamilyrelated proteins. The x axis represents the percentage range of each score. Within a range in the x axis, the first bar represents the score corresponding to the conservation of interface location; the second bar represents the equivalent secondary structure score; and the third bar indicates the conservation of interface region score. The y axis represents the number of cases that fall in these ranges (frequency). Figure 2 shows that the interfacial nature conservation score (CIL score) drops along the x axis and has the highest number of observations in the 0 -10% range of the interfacial nature conservation. The property of the secondary structure involvement in the interface formation is also best observed in the 0 -10% cases, and it drops further along the x axis. Thus, in general, the location of the interface is not well conserved when proteins are from different families of the same superfamily. Additionally, in many of these cases of protein domains related by superfamily, the oligomerization states are also different.
The CIR is a relaxed score as compared to the other two scores. In this score, we relax our criteria and identify interfacial residues in close proximity in the alignment, but they need not fall into topologically equivalent positions or secondary structures. This is done so as to account for the structural variation that is observed in remote homologues as a result of extensive evolution. The largest peak for CIR was observed at the 0 -10% range, indicating that the property of interface location at the same site is not well preserved. The proximal scores are generally higher than other scores beyond 60%. This means that formation of interface is influenced by the high structural divergence during extensive evolution of proteins, and the manual inspection of the alignments suggests that it is not uncommon for insertions or deletions to occur at the interfaces. A smaller peak for CIR at 90 -100% indicates that structural variation does contribute to variation at the interface location, and in these cases, the interface locations are mostly proximal to one another in the alignment but are not in topologically equivalent positions. This tiny set of superfamilies with members falling in this region shows reasonable conservation of the interfacial location, which is ascertained for these cases by visual inspection.
In the case of families (Fig. 3) consisting of closely related homologues, it can be seen from the graph that the location of the interface is well conserved, with all the three scores peaking at Ͼ 90%. Hence, it can be seen that in the homologues within the family, the location of interface between the two members is conserved, which was also shown by Valdar and Thornton, 11 and in almost all cases the oligomerization state is also preserved.
Topological Equivalence of Interdomain Interfaces in Specialized Cases of Extensive Evolution of Both the Interacting Domains
In earlier sections, we observed that if the amino acid sequence changes are extensive between two homologues, the protein-protein interaction sites are not in the topologically equivalent positions. Most commonly, we observe that when the divergence is extensive, the pair of domains related by superfamily associate with unrelated domains/ subunits. However, we identified a small minority of cases from the PDB that are remotely related and have two superfamily-related structural domains (as defined by SCOP). This means that in the case of a protein containing domains A and B, we have identified related proteins with similar domain composition, say AЈ and BЈ, which are distantly (superfamily) related to A and B, respectively. However, no relationship constraint was placed between domains A and B within the same protein. The details of the examples identified are listed in Table I .
Apic et al. 29 reported that the relative positioning of the two superfamily-related domains in unrelated proteins are dissimilar. Bashton and Chothia 30 have shown that different superfamilies have different types of connections with the Rossmann domain, but those with a particular superfamily are of same type. In the present report, we have analyzed the extent of interface occurrence in topologically equivalent positions and the nature of residue substitutions observed where the interfacial residues are in topologically equivalent positions in a set of 6 domain-domain interaction pairs of the kind (Table I ) discussed above.
The example of the protein pair DNA polymerase from Archea (1d5a) and its homologue reverse transcriptase (1mu2) shows circular permutation of the constituent domains. In this case, we observe that the interdomain 
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Abbreviations: ATP, adenosine triphosphate; FAD, flavin adenine dinucleotide; NADP, nicotinamide adenine dinucleotide phosphate; NADPH, dihydro-nicotinamide-adenine-dinucleotide phosphate.
INTERACTION INTERFACES ACROSS PROTEIN DOMAINS
interface is not topologically equivalent. This is consistent with the observation of Apic et al., 29 where they showed that the relative positioning of circularly permuted protein domains is not conserved. In all the remaining cases, we observe that the interface locations are in topologically equivalent surfaces of the tertiary structure. We have also calculated the frequency of occurrence of the superposed interfacial residues on the tertiary surface. We observe that 28% of the interfacial residues identified (out of 139 pairs of interfacial residues) are in topologically equivalent positions. However, when we consider the rough topological equivalence, giving allowance of up to 5-residue mismatch, we observe that 72% of the interfacial residues can now be deemed to be in the same location on tertiary structure.
In the cases where the interfacial residues are in topologically equivalent positions, we have studied the residue substitution patterns in these positions. The most commonly observed event is that the short, nonpolar amino acids are conservatively substituted in most of the alignment positions (47% of 40). A few positions also show conservation of the residues (22% of 40), and drastic substitutions of residues are also not infrequent (30% of 40). Thus, we observe here that the interfacial residues, even if present at topologically equivalent positions, do not show strong residue conservation pattern.
Residue Conservation at the Interface
Similarity of interfacial residues in the topologically equivalent alignment positions has been analyzed by considering all the interfaces in the superfamily data set. Only the small proportion of positions of the pairwise alignments, where interfacial nature is conserved, are taken into consideration. In 277 interdomain interfaces, we find there are 1025 interface conserved positions (out of 4822 total interfacial positions). In these pairs of remote relatives (where CIL score ϭ 100%), we observe that the sequence identity at the interface is in the range of 0 -50%. However, we observe from the data set that the nature of the partner domain associated with the given superfamily is not influenced by the extent of divergence (indicated by percentage identity) at the interface. Additionally, the number and types of superfamilies that associate are not influenced by the sequence similarity at the interface. This feature can be visualized in Figure 4 , which shows the plot of partnership number versus the sequence similarity scores for all the superfamilies of proteins used in present analysis. The partnership number is a population-independent measure of the number of different superfamilies of proteins attached with the members of the superfamily in consideration. The sequence similarity score, which considers conserved and substituted positions in the alignment, is calculated for the interface regions irrespective of conservation of interface location across the members of superfamily. From the plot, it is clear that higher sequence similarity does not translate into similar types of domains being associated with the superfamily.
To assess the extent of residue substitutions in these positions, we derive two substitution matrices-one from all the aligned positions in the pairwise superfamily alignment data set, and the other from the 1025 aligned interfacial positions. The raw matrices obtained for interfacial positions were normalized with respect to the background substitution values obtained for all aligned positions in the data set. The linear correlation coefficient between the raw substitution values for interface and for the general data set was calculated. Similar comparisons were made to BLOSUM matrices also using the normalized interface matrices. Details of matrix construction and analysis are given in the Materials and Methods section. Similar operations were performed also on the domains within families that have closely related homologues. The normalized interfacial matrices are given in Supplementary Data 3.
The correlation coefficient value of 0.717 is obtained when the substitution matrices derived from all aligned positions in the superfamily data set are compared with matrices derived from only interfacial positions for the same data set. Similarly, a correlation coefficient value of 0.830 is obtained for family related proteins, on comparison between general residue conservation and interfacial residue conservation. The interfacial matrices derived for both family and superfamily were compared to a general substitution matrix, BLOSUM. This analysis allowed us to assess the residue substitution rates at the interface locations, in the light of background substitutions observed in proteins in general. We observe that the residue substitutions at the interfaces derived from superfamilyrelated proteins correlate poorly with BLOSUM, with a correlation coefficient of 0.451, and the residue substitution at the interfaces of family related proteins are correlated better, with a coefficient of 0.733. All the correlation coefficients were found to be significant when they were calculated between pairs of 1000 randomly generated numbers.
Thus, it appears that being at the topologically equivalent interface region does not translate into markedly better conservation of residues at these aligned positions. This is especially true for protein interfaces from superfamilies. The interface formation is thus found to be tolerant to amino acid substitutions. It is observed that the small, nonpolar amino acids, like alanine, valine, isoleucine and leucine, are conservatively substituted in the location considered in all types of proteins (i.e., proteins either related by family or superfamily).
Wherever the sequences show large divergence, the residues at topologically equivalent interfacial regions are often substituted. However, as also shown by Valdar and Thornton, 11 in the case of closely related proteins, we note that not only are the interface locations conserved very well, but the residues involved in interface formation are also conserved, or are conservatively substituted. Additionally, we observe that the identity of residues in the family-related proteins is preserved very well, such that the diagonal elements of the interfacial matrix generated for family-related proteins correspond to high scores. This feature of diagonal elements showing high scores is completely absent in matrices generated for superfamilyrelated proteins.
Variation in Interaction Between Domains in Superfamilies: A Strategy for Bringing About Functional Diversity
Nature seems to have utilized variation in oligomerization and domain-domain interactions as a strategy to bring about interesting variation in overall functionality of the proteins in different families in a superfamily. During evolution, as the sequence divergence becomes extensive, as will be seen in the following sections, new domains are recruited with the existing domain. We also show that, under such circumstances, spatial positioning of the composite domains is often variant, such that a desired biological effect is achieved.
Although the general trend is that the locations of interfaces are not topologically equivalent in structurally aligned superfamily-related proteins, we observe exceptionally good conservation of interface location in the cases of a few superfamilies, where oligomerization is a prerequisite for function. A classic example of this category is that of enzymes belonging to the triosephosphate isomerase (TIM) fold, where dimerization is essential for catalysis. Some other examples of preservation of protein-protein interaction sites in topologically equivalent positions of remote homologues include cyclins (interdomain example with CIL score ϭ 100) bound to cyclin dependent-kinases and that of bacterial adhesins (CIL ϭ 100). Bacterial adhesins are surface proteins in the bacterial cell wall that bind to receptor molecules on the surface of a susceptible host cell, enabling the bacterium to make intimate contact with the host cell, adhere, colonize, and resist flushing. 31, 32 Table II shows a few examples of superfamily-related proteins that maintain their basic activity but achieve functional specialization by variations in their interaction with other domains. We discuss the example of chorismate mutase in some detail here.
Chorismate mutase-like proteins
The homodimeric enzyme chorismate mutase (CM) from Escherichia coli (ECM) and yeast (YCM) catalyzes the first committed step of aromatic amino acid biosynthesis, the rearrangement of chorismate to prephenate via similar catalytic mechanism. 33 The subunits of both the enzymes adopt a 4-helical bundle fold, and each subunit harbors an active site. 34, 35 YCM is allosterically regulated by means of a regulatory domain that is also in the oligomerization region and is sensitive to varying concentrations of Trp. 36 ECM, on the other hand, shows no sensitivity to varying concentrations of Trp and no evidence of regulatory mechanisms, and is constitutively active. 36 The crystal structures 37 reveal that the mode of dimerization of these two enzyme is different.
Structure-based superposition of ECM and YCM dimers reveals that one subunit of the ECM dimer is superposed well with one of the subunits of YCM dimer, while the other ECM subunit occupies the regulatory region of the same YCM subunit (Fig. 5) . Thus, we see that the interchain interfaces presented by both these enzymes have very little in common, and this feature is translated as low CIL, CIR, and ESS scores in the present analysis.
Thus, from Table II and from the previous example, we observe that the overall catalytic mechanism or cofactor required for function is identical in superfamily-related protein domains. But the ultimate biological role of such proteins is governed by the variation in their association with other domains. The catalytic domain is associated with a number of other domains in a variety of different ways to accommodate new substrates or to generate different products, or to impose novel regulatory mechanisms on the pathways. 
Superfamily-related protein domains bring changes in signaling and metabolic pathways and in gene networks
The present study shows that, most often, the remotely related protein homologues have no similarity in the way they associate with other protein domains. In the previous section we discussed the examples from the data set, where the superfamily-related proteins show differential interactions with other domains, while retaining the basic biochemical function. Here we show that the domains that are remotely related in two multidomain proteins, while all other composite domains are identical, have influence on the ultimate biological function of the gene products under consideration and, in many cases, the pathways to which they belong. Here, the "domain" indicates a set of amino acid sequences that are similar, and is most often associated with a specific molecular function. The procedure for identifying such cases is discussed in the Materials and Methods section. In more than 80% of the cases identified from the Swiss-Prot database, the distantly related domains are involved in domain recruitment, gene duplication, and divergence.
This suggests that the coupled effect of sequence divergence that results in superfamily-related domain families and recruitment of new domains is the most common step toward incorporating new gross functionality to the gene product and introducing radical changes in the metabolic and signaling pathways. However, as clearly indicated in the examples in Figure 6 , that extensive sequence divergence can bring about drastic changes in the proteinprotein interaction that is influential in altering the course of a signaling or a metabolic pathway. One of the representative examples is discussed in details here. 
Enolase/muconate-lactonizing enzyme (MLE)
Enolase is the key enzyme of the glycolysis that forms the central component of metabolic pathways in both eukaryotes and prokaryotes. It catalyzes the conversion of 2-phosphoglycerate to phospho enol pyruvate. The enzyme is composed of two distinct domains (Fig. 7) . The Nterminal domain is classified in the "Enolase_N-termlike" family and included in the "Enolase_N-term-like" superfamily. The C-terminal catalytic domain is grouped under the "Enolase_C-term like-domain" and "Enolase family."
Another enzyme with a similar domain combination at the superfamily level is the muconate-lactonizing enzyme (MLE; Fig. 7 ). This enzyme is a part of the biochemical machinery involved in the degradation of aromatic acids in only bacterial species through the ␤-ketoadipate pathway. The N-terminal domain of the enzyme is classified under the same superfamily and family as the N-terminal domain of the enolase. The C-terminal domain of the enzyme also belongs to the same superfamily as the enolase C-terminal domain, but is grouped under a different family, ␤-D-glucarate deydratase, as compared to the family of the C-terminal domain of enolase. 38 The classification of the C-terminal domain under the same superfamily is further consistent with their sharing of the core chemical reaction of the extraction of proton from the carbon adjacent to the carboxyl group (Fig. 7) . However the comparison of active sites reveals the variation in the specific features of the two enzymes. In addition to the distinct nature of substrates (muconate for MLE and 2-phosphoglycerate for enolase), the following differences are observed at the catalytic site.
The relative positions of the atoms in the catalytic region (Fig. 7) are similar in the two proteins, while the residues that contain them are placed at different points in the protein fold. Despite the conservation of the position of the catalytic residues in the protein scaffold, their identities and roles vary. For instance, E168 of enolase is important for both the processes of extraction of proton and stabilization of the intermediate. The corresponding residue K169 of MLE acts only as a catalytic base and has no role in stabilization of the intermediate. In addition, K396 of enolase helps in the intermediate stabilization, while the functionally analogous residue in MLE is E327. Such unusual conservation of catalytic sites has enabled the enzymes to retain the core reaction, while they have diverged in terms of substrate specificity and reactions beyond proton extraction.
In the example described above, the MLE is an intermediate protein converting muconate to muconolactone, which is finally converted to ␤-keto adipate in a series of steps in the pathway. The ␤-keto adipate also serves as a precursor for the generation of acetyl coenzyme A (coA). The enolase enzyme, on the other hand, is involved in the intermediate step of glycolysis generating acetyl coA as the end product. It therefore appears that during evolution, the enzymes sharing similar catalytic mechanisms have originated from a common ancestor and have been recruited in independent pathways based on their subsequent functional specialization. The conservation of the relative positions of the catalytic residues, despite their distinct identity and roles, suggests a higher preference to conserve the location of catalytic sites during evolution of enzymes as against recruiting residues at new sites in the 3D fold for catalysis. The members of a superfamily hence appear to be the ideal templates for generating alternate functions by the modification of functional sites, including the interfaces of protein-protein interactions, as is evident from the previous sections.
This example and those summarized in Figure 6 throw light on the fact that as sequences diverge, their domaindomain interaction modes, substrate specificities, and mode of catalysis vary, and these changes could result in the final outcome of the respective metabolic or signaling pathways. Thus, the divergence of the proteins of the superfamily to distinct families leads not only to functional specialization but is also probably one of the first steps toward the formation of newer and specialized pathways.
CONCLUSIONS
It has been shown by Valdar and Thornton 11 and also as a part of the current analysis that the interfacial location is conserved for the closely related homologues (members of a family). However, the nature of protein-protein interaction and structure appear to be varying under extreme divergent evolution, as reported by Teichmann 13 and Jordan et al. 14 Here, we have addressed the conservation of the oligomeric state in both interdomain and interchain cases when the homology is barely detectable, at the sequence level, between the proteins. The results we obtain here suggest that the gross location of interface in the superfamily-related proteins need not be preserved.
The accumulation of protein-protein interaction data contributed by both high-throughput experimental and computational methods, coupled with application of the powerful algorithms for detecting remote homologues and structure prediction, could provide meaningful insights into the quaternary structure and oligomerization of proteins. With significant progress in the identification of remote homologues using powerful profile matching meth- ods like the PSI-BLAST, Hidden Markov model (HMM), and fold recognition, the present observation suggests that one should be cautious while extrapolating the proteinprotein interaction features based on remote homology.
It is known that in the fold, the biochemical and functional properties are retained in extensive divergent evolution. However, we also observe that wherever quaternary structure has a bearing on the intricate function of a protein, the type of oligomer formed and the superfamilies involved are generally preserved. It is observed in the current work that homologous proteins with high divergence in sequences could be implicated in the divergence of the pathways of their involvement, and this change is brought about by differential interactions of member proteins. Such variations in protein interactions could be the key in bringing about interesting divergence in pathways, regulation, and cross talks.
With the emergence of structures on large machinery such as the ribosome, the DNA and the RNA polymerase, and chaperones and virus assembly, prospects of extrapolating the basis of this machinery in other organisms given sequence similarity between the component proteins has increased. However, the nature of protein associations found in those complexes with extensive divergent evolution may vary significantly even though the tertiary structures may be preserved. In this light, the current analysis suggests that protein-protein interaction sites should be viewed to be different as compared to functional sites such as active sites and small molecular ligandbinding sites. Protein-protein interaction sites may be considered fundamentally different in that variation in interaction is used in setting the direction for the given biochemical function.
Thus, it appears that high sequence divergence and differential protein-protein interaction is the minimal step toward bringing about variations in pathways, which is further compounded with domain recruitment, domain duplication, and divergence of the duplicated domain.
